Introduction
The combination of alumina and aluminum is well known and has many applications. For instance, α-alumina has been used in the electronic industries for many years as a ceramic insulator whereas aluminum is one of the best electrodes, having good electric conductivity second only to copper. Powders and fibers of alumina are also used to reinforce aluminum alloys, one of the most common lightweight materials for components in automobile engines and other transportation systems. In many of those cases, the formation of a strong aluminum/alumina interface is required. Consequently, extensive research is being performed on the wetting of liquid aluminum on alumina and on the joining and brazing of both materials (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) .
The aim of this work is to evaluate the basic parameters which govern the formation of aluminum/alumina interfaces. Sessile drop experiments have been performed to study the wetting 3 of liquid aluminum on alumina. The interfacial microstructure has been evaluated using atomic force microscopy (AFM), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The evolution of the interfacial morphology was followed in order to determine the relevant atomic transport rates. The strength of aluminum/alumina bonds fabricated at various temperatures using solid-state diffusion bonding or liquid-state brazing was measured and correlated to the interfacial microstructure.
Experimental Procedure

Wetting experiments
Wetting experiments were performed by melting small pieces (0.2-0. eq . In these experiments, the contact angles were measured after cooling. Our experience indicates that the contact angles measured right before and after cooling are only different by few degrees.
The polycrystalline alumina substrates were prepared from pure Al 2 O 3 powders (99.999%, Showa-Denko, Japan). The powders were isostatically pressed (200 MPa) and the resulting blocks were embedded in pure alumina powder and sintered in vacuum (10 -3 Pa) at 1700ºC for 2 h. 4 Substrates (~10×10×2 mm) were cut from the sintered block using a diamond saw and polished with diamond paste (1 µm particle size). Subsequently, they were annealed in vacuum at 1600ºC for 6 h in order to ensure that the grain boundaries intersect the surface at their equilibrium angle.
The final average grain size is ~20 µm. In order to minimize contamination during annealing, the substrates were placed with the polished sides face to face and embedded in pure alumina powder.
The boundary grooves that formed during heat treatment were removed by a light polishing with diamond (1 µm particle size).
After the wetting tests, the aluminum was dissolved from the substrate with HCl, and the area under the drop was analyzed by optical microscopy, SEM and AFM. The profiles of the boundary grooves at the solid/liquid and solid/vapor interfaces were measured using AFM line analysis in the constant force mode. In order to study the evolution of grooves with time, pieces of the aluminum were consecutively melted at the same place on the substrate, and the interface was analyzed after sequential heating and etching steps. Parallel studies of boundary grooving on free alumina substrates were performed at the same temperatures and atmospheres.
Joining experiments
A number of α-alumina disks of 50 mm diameter and 20 mm height were sintered by hot-pressing alumina powder (average particle size of 0.3 µm, Sumitomo Chemical Co. Ltd., AKP30) under 30 MPa pressure at 1450°C for 1 h in Ar atmosphere. From those disks, 16×16×18 mm blocks were cut. The faces to be joined (16×16 mm) were ground and polished to have optical flatness. Bars (3×4×35 mm) were cut from the sintered body, and their strength was measured using the four point bending test. The average alumina strength was 551 MPa (standard deviation:
43 MPa). Sapphire was also used for bonding to aluminum to characterize the interfacial structure.
The bonding face was the (001) basal plane of α-alumina.
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Joining specimens were prepared by inserting two aluminum sheets (99.993%, 100 µm thick) between two alumina blocks and hot pressing in vacuum maintained at 1.5 mPa pressure. The joining temperatures varied between 550°C (solid-state diffusion bonding) to 1200°C (liquid-state brazing). The applied pressure and holding time were 10 MPa and 1h, respectively.
From the bonded blocks, 3×4×36 mm bars were cut and used for measuring the joining strength by 4-point bending at room temperature. Cross-head speed was 0.5 mm/min. The upper span and the lower span were 10 mm and 30 mm, respectively.
The interfacial microstructure was primarily characterized by TEM. TEM specimens (200 µm thick and 2.3 mm diameter disks) were cut from the joints, dimpled, and polished by Ar ion thinning. The specimens were coated with a thin carbon layer to avoid charging. For high resolution, a JEOL JEM200CX microscope was used at 200 kV, and for nano-EDS analysis a HITACHI HF2000 was used at the same voltage.
Results and Discussion
Wetting and Diffusion Studies
The effect of temperature on the final contact angle of molten Al on alumina substrates is illustrated in Figure 1 where results taken from the literature 1, [11] [12] [13] [14] [15] [16] are also presented for comparison. There was no significant difference in the angles recorded on sapphire or polycrystalline alumina. Below 1000°C, the drop is covered by a thick oxide layer and exhibits an irregular shape. At temperatures higher than 1000°C, the drop is shiny and the contact angle (θ) decreases as time and temperature increase, approaching a value of ~70° after 60 min at 1400°C.
In experiments performed under vacuum at temperatures higher than 1100°C the contact angle of aluminum oscillates periodically. For example, at 1100°C, after reaching a value of ~80°, θ decreases in ~20-30 minutes to ~60° and then suddenly jumps again to the maximum value. In 6 these cases, after removing the drops, rings are visible on the alumina surface, one for each jump ( Figure 2 17 cracking due to the volume changes, and thermal expansion mismatch 17 . When the temperatures increases above 1000°C, the Al vapors react with the oxygen such that the oxygen activity around the drop will correspond to the equilibrium value for the Al/Al 2 O 3 system [17] [18] . The observed oscillation of the contact angle in vacuum at high temperatures is associated with the formation of ridges at the triple line. The ridges form to achieve full three dimensional equilibrium of the surface forces at the triple junction. [19] [20] After the formation of the ridge, the fast evaporation of Al decreases the contact angle below a critical value and the junction breaks away from the 7 ridge. 20 Afterwards, a new ridge forms and the cycle starts again. According to this description, the maximum value of the contact angle, after each jump, should correspond to the one described by Young's equation. [19] [20] The AFM and SEM analyses of the alumina surface after dissolving the metal have shown that the Al/Al 2 O 3 interfaces are strongly faceted ( Figure 3 ). The shape of some facets suggests that the alumina basal plane is one of the low energy surfaces. The shapes of the interfacial grain boundary grooves correspond to diffusion controlled growth, albeit perturbed by the facets. This is in contrast with the stoichiometric interfaces between alumina and other FCC metals that appear to be very isotropic. 21 The Al 2 O 3 surfaces outside the Al drops seem to be less strongly faceted than those under Al, but somewhat more so than stoichiometric alumina surfaces of Al 2 O 3 . Mass transport is orders of magnitude faster than at the Ni, Au or Cu/Al 2 O 3 interfaces at similar temperatures.
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The measurement of groove angles and the liquid-solid contact angle allowed the deduction of relevant interfacial energies ( Table 1) . The annealing at 1500°C in a closed alumina crucible produced a clean Al drop suggesting the equilibrium p(O 2 ) was achieved. There is some degree of uncertainty in the reported γ lv due to the low oxygen activities needed to maintain molten Al free of oxide. 22, 23 To account for these uncertainties, two calculations are presented in Table 1 , one used 80°, and 0.7 J/m 2 , which are upper bounds for the coexistence condition at 1500°C, and the other using 70° and 0.3 J/m 2 , which may be on the low side of better estimates for this condition. The lower values are consistent with the expected decrease of the surface energy of the metal at the oxygen partial pressure in which it coexists with its own oxide with respect to reported values for clean aluminum, this decrease is due to oxygen adsorption. 21 For both sets, the resulting γ sv is unambiguously lower, and γ gb is somewhat smaller than reported for stoichiometric interfaces in
. 21 This can be expected if there is some adsorption. For either value of θ, a higher value of lv γ than that chosen for Al in equilibrium with Al 2 O 3 would yield surface and grain boundary energies for alumina being higher than those for stoichiometric interfaces which would be very unlikely. Instead, application of the Gibbs adsorption isotherm would indicate that if these surfaces were oxygen deficient, i.e., having an Al excess, these energies should be lower. 21, 22 As the solid-vapor and especially the solid-liquid interfaces are faceted, torque terms can be important and some corrections have to be applied [24] [25] in order to exactly calculate each interfacial energy; the values in Table 1 presume that the average energies remain approximately correct.
The grooving transport rates observed at the Al/Al 2 O 3 interfaces and free alumina surface away from the aluminum drop are much faster than any ever reported for alumina surfaces implying much faster diffusivities. It should be pointed out that most of the surface and volume diffusivities reported for alumina have been calculated after experiments performed at oxygen partial pressures far larger than the one at which aluminum and alumina can coexist in equilibrium. Although vapor transport may be suspected to control groove growth on the free alumina surface ahead of the aluminum drop at the higher temperatures, the implied t 1/2 fit was unsatisfactory. 26 20 and combined fittings (that add the contributions for both paths) 21 do not clearly favor one of the diffusion paths suggesting that both are contributing to groove growth ( Table 2) The basal plane has clearly become relatively more stable for the interface, and seemingly also for the surface of the alumina ahead of the aluminum drop. This indicates there is a change in the Wulff plot for the sapphire-vapor surface versus those recently reported for higher oxygen activities 29, 30 and would be consistent with the idea that the surfaces oriented parallel to alternating sheets of O and Al atoms in the crystal structure may be partially reduced more readily. The (001) plane has been shown to become Al rich in UHV. [31] [32] Evidently, the situation is analogous for the Al/Al 2 O 3 interface. The average surface and grain boundary energies are somewhat reduced with respect to those recorded for other metals at higher p(O 2 ). For the surface, this would reflect the lower energy for surfaces nearly parallel to (001), but others may be susceptible to reduction to a lesser degree. Evidently, at least some grain boundaries are similarly susceptible to becoming Al-rich. 10 Figure 4 shows the bending strength of the alumina joints as a function of joining temperature.
Interface Strength
Data taken from the literature is also included for comparison. [33] [34] The bonding strength is low for the joint solid-state bonded at 550 °C, but it increases as temperature rises to 650°C, and peak strength is achieved at joining temperatures between 650°C and 700°C. Above 700°C, the strength gradually decreases as the joining temperature increases. The peak bond strength is about 450 MPa, much higher than aluminum (~100 MPa) and approximately 80% of the alumina strength. In fact, some of the joints fractured in alumina away from the interfacial region.
When evaluating the strength of ceramic/metal joints, several parameters related to the difference in elastic and plastic properties of the two materials should be considered. The plastic and elastic deformation of the metal layer becomes large with increasing thickness. Inverse thickness dependence has been attributed to the influence of corner stress concentrations. Because the analytical equations for four-point and three point bending strength are derived for bars with uniform curvature, a large deviation between the measured and absolute strengths for ceramic/metal joints can occur. The final thickness of the metal layer varied with the joining temperature ( Figure 5 ), which may influence strength. Below the melting temperature of aluminum, 660°C, the thickness of the aluminum layer was about 100 µm, but it decreased to about 10 µm after liquid-state bonding, almost remaining constant up to 1200°C.
Joints fabricated in the low temperature range, between 550°C and 600°C, exhibited interface decohesion at the aluminum/alumina interface. In contrast, the joints formed at 650°C did not show any interface decohesion but showed cracks inside the aluminum layer or in the alumina.
This observation implies that the interface strength is higher than 400 MPa. Thus, those joints are different both in strength and in fracture mode, even though the thickness of the aluminum layer is 11 almost the same. The weak strength of the joints fabricated in the lower temperature range can be attributed to the presence of an oxide skin on aluminum. As the temperature approaches the melting point of aluminum, the oxide skin breaks, and aluminum and alumina can form a direct interface with high strength.
Above the Al melting point, the final thickness of the interlayer (~10 µm) does not depend on the joining temperature. The gradual decrease in strength with temperature above 660°C is not a result of variations in the thickness of the aluminum layer but a result of the development of unbonded regions on the joint. Figure 6 shows typical fracture surfaces after bending tests (the fracture propagated from the bottom to the top). The fracture surface of the sample bonded just above the melting temperature of aluminum, 700°C shows a crack that propagated in the aluminum layer up to the middle of the bar and then moved into the alumina body. In the aluminum fracture surface, no defects such as unbonded areas are observed. In contrast, the joints fabricated at higher temperature exhibit many large unbonded areas. Figure 7 shows the total bonded area on the fracture surface as a function of joining temperature. The ratio of bonded area to the total interface area gradually decreases from 100% at 700°C to 70% at 1200°C. Surprisingly the joints with 30% unbonded area still exhibit high strength (~90% of the maximum strength obtained at 650°C -700°C). The relationship between strength and unbonded area, replotted in Fig. 8 , is almost linear. By the least squares method, the following experimental relationship can be derived:
where σ b is the bending strength of a joint in MPa and A is the ratio of bonded area/total interface area. It should be noted that when A is zero, the strength is 116 MPa. The equation is, therefore, valid for A≥70 %, which is the smallest bonded area measured. 12 The decreasing strength with increasing joining temperature can be explained by taking into account aluminum wetting and viscosity. With increasing temperature, contact angle and viscosity of the liquid Al decreases. Because the contact angle of Al on Al 2 O 3 is lower than 90°, the capillary pressure drives the alumina blocks tighter when an external pressure is also applied.
However, most of the melt will be squeezed out of the joint layer, leading to the formation of unbonded regions. With increasing temperature, the movement of the molten aluminum towards the free surface becomes faster as the viscosity and contact angle decrease, resulting in larger unbonded areas.
Even though unbonded regions remain at the interface, the strength of the bond is quite high, reaching almost 80% of the alumina strength. In some cases, fracture occurred inside the alumina, away from the interface, from which we can infer that the interfacial aluminum/alumina strength is very high. Thus, we can conclude that aluminum brazes are very useful for joining aluminum and alumina for structural applications, which is why aluminum alloy matrix composites have strong interfaces between matrices and various alumina reinforcements when good wetting and direct contact are achieved between both phases.
Aluminum/Alumina Interface
Aluminum and alumina form quite a strong interface. The α-alumina is the most stable oxide of aluminum and the phase diagram indicates that no other compound can be formed at the Al/Al 2 O 3 interface. 35 This observation was confirmed by TEM of the polycrystalline alumina joint.
To better characterize the Al/Al 2 O interface, aluminum/sapphire joints were fabricated at 650°C, which is the temperature at which the highest strength was obtained for the aluminum/polycrystalline alumina system.
The interface was studied by TEM. Figure 9 shows a TEM micrograph of the interface with the 13 diffraction patterns of sapphire and aluminum. The incident electron beam is located along the <100> direction of sapphire and the bonding face, which is the basal plane of sapphire, i.e., (001), is edge-on viewed. The interface is flat, without any modification by the bonding procedure.
Polycrystalline in its initial state, aluminum becomes a single crystal without any boundary inside.
Several points were analyzed, and all areas had the same crystallographic characteristics. From the diffraction patterns, the following orientation relationship is derived:
This orientation relationship has been reported for the interfaces between fcc metals and sapphire. 36, 37 At such interfaces, the six-fold symmetric close-packed atomic arrangements facing together provides the best periodicity match. However, the lattice mismatch between the (111) plane of aluminum and the (001) plane of alumina is quite large, reaching to 20.8%. As shown in the diffraction pattern in Figure 9 and following lattice images in Figures 10 and 11 both crystals slightly incline or rotate in respect each other, which should relax the large mismatch at the interface.
Several islands with non uniform structure were observed attached to the interface on the aluminum side (Fig. 9a) ) while no corresponding feature in the sapphire side was found.
Nano-probe EDS analysis did not show any third element in those areas; only oxygen and aluminum were detected in the islands (Fig. 9(b) ), indicating that islands are aluminum oxide. In addition, they did not show any lattice fringe nor any specific diffraction spot. These islands are thus identified as amorphous aluminum oxide, which originates from the oxide skin of aluminum.
A continuous amorphous alumina layer will reduce the interfacial strength 38 , but in the samples bonded above 600°C, the amorphous material only forms isolated islands along the interface, resulting in bonds with strengths approaching that of the alumina. Conversely, the presence of a 14 continuous layer of amorphous alumina in the samples joined below 600 °C 36 results in the formation of weak interfaces.
High-resolution TEM reveals the formation of a new crystalline structure at the interface between sapphire and the amorphous oxide, shown in Figure 11 . The interval of the new lattice fringes is approximately 0.20 nm, close to the lattice distance of the (002) planes of aluminum.
However, the nano-beam EDS clearly shows the presence of oxygen, and the crystalline phase is always in contact with the sapphire surface. These observations suggest that the crystalline phase is aluminum oxide. Figure 12 shows the typical diffraction pattern obtained from an area involving the crystals and the sapphire substrate as well as showing the interpretation of the diffraction pattern. Table 3 summarizes the lattice distances compared with those of aluminum and α-alumina. The experimentally obtained lattice distances correspond well to those of γ-alumina rather than those of metallic aluminum. We conclude that the interfacial crystals in the amorphous islands are γ-alumina because at such low temperature range, especially below 800°C γ-alumina is formed rather than β or α-alumina. [38] [39] [40] The fact that the γ-alumina has good orientation relationship with the sapphire substrate implies the formation of strong interfaces between the two phases. The orientation relationship between sapphire and γ-alumina can be expressed by Equation (2) replacing aluminum with γ-alumina.
Conclusions
In the present work, several aspects of the Al/Al 2 O 3 interfaces have been evaluated: wetting, atomic transport, anisotropy, strength and microstructure. The results can be summarized as follows:
1. The contact angle of liquid aluminum on alumina is lower than 90º at temperatures higher than 1000ºC and decreases with temperature to a value of 70º at 1500ºC. 6. The highest strength (400 MPa) was obtained when the interface is formed at around the melting temperature of aluminum.
7. The interfacial aluminum layer becomes a single crystal when it is joined to sapphire. The following crystallographic orientation relationship was established:
8. Amorphous aluminum oxide islands formed at the interface. In the amorphous oxide, γ-alumina nanocrystals with the same orientation relationship grew from the sapphire. 
